Summary. A mountain's history includes two distinctive phases. one of active tectonism and construction followed by one of erosion and passive isostatic rebound. In the first phase uplift is driven by tectonic mechanisms while in the second phase base levels of the terrain are regionally uplifted. It is this latter phase that is modelled here. The starting model is a mountain range, initially in isostatic equilibrium, on a viscoelastic plate defined by the effective flexural rigidity D and relaxation time 7,. The rate of erosion at any time t is assumed t o be proportional to the elevation at that time, with an erosional time constant 7,. For a given present-day topography the uplift, erosion, gravity, and stress can be computed through time as functions of D, 7,. 7,, and the time to at which the erosional-rebound mechanism became the dominant landscaping process. The model has been applied to the highlands of south-eastern Australia which we assume t o be an erosional residue of the Palaeozoic Lachlan Fold Belt. Observations of rivers cutting through Cainozoic basalts and other geomorphological indicators of uplift can then be interpreted in terms of the isostatic rebound and there is n o need to invoke active tectonic uplift mechanisms. The model parameters that fit the observations are T,= 150-3-50Myr, D T~-2.5 x IOz4NmMyr and to-180-200Myr. The predicted Late Palaeozoic fold-belt topography is about 75 per cent greater than the present-day values. Topographic depressions are predicted t o have occurred along the margins of the formerly elevated areas and the model is relevant t o understanding the evolution of basins flanking the highlands. Within the highland area erosion generally exceeds uplift but in some regions the two are approximately equal, in keeping with recent geomorphological observations. The flexural stresses associated with the erosion initially increase with time and maximum values in south-eastern Australia are predicted to occur in Late Cainozoic time. with the stress state near the surface being mainly tensional.
Introduction
Geological observations of upward vertical movements of elevated terrains are indicative of one of two main processes: active tectonism or a passive rebound response to the erosion of older highlands. Uplift, driven by horizontal compressive forces or by epeirogenic processes, occurs during the constructive phase and exceeds erosion; rivers cut down to new levels and absolute elevations increase. With the expiration of the driving mechanism, erosional forces dominate the subsequent shaping of landforms. Material is transported away from the highlands and regional isostatic rebound commences. The original post-tectonic phase base level rises and river-beds continually readjust to new equilibrium levels. Absolute elevations decrease through time until only vestiges of the former mountains remain.
Mountain ranges must go through these two phases. Those in tectonically active regions, such as collisional plate boundaries, are undergoing the constructional phase where the constructional uplift exceeds the destructional erosion. Mountain ranges away from present-day plate boundaries are more likely to be experiencing the destructive phase, one of erosion and concomitant isostatic rebound.
This paper is concerned with the isostatic component of highland uplift, a process that is similar to isostatic subsidence in sedimentary basins. It has been well-established that the isostatic component of subsidence in basins, due to sediment loading, must be removed from the total subsidence in order to reveal the 'tectonic' vertical motions, a procedure that is commonly referred to as 'back-stripping' ( e g Watts & Ryan 1976) . Similarly, the isostatic response to unloading must be evaluated first in order to examine dynamic contributions to uplift. This simple precept does not appear to be adhered to in many discussions of uplifted regions. Smith & Drewry (1984) in their analysis of the epeirogenic uplift of the Transantarctic Mountains, for example, recognize that erosional reduction of these mountains has occurred (-10mMyr-') but apparently fail to consider the isostatic attenuation of this reduction. Wellman (1 979) in his evaluatiofi of uplift of the south-eastern highlands of Australia also ignores erosional rebound. Whereas the stratigraphy of sedimentary basins conveniently records the timing and magnitude of the isostatic load, the nature of erosional loads is much more difficult to evaluate. This makes it very difficult to judge the erosional contribution to uplift in regions where dynamic or tectonic processes are active and where the history of the uplift is complex and probably not well understood. It appears reasonable to assume that the erosion rate of mountains, and hence the erosional load, is related to the height of those mountains and, once an erosional model is constructed, it becomes possible to make a quantitative analysis of isostatic rebound during the destructional, post-tectonic , phase of mountain range evolution using only the present-day distribution of topography as input. We follow and extend the mechanical model of Stephenson (1984) which utilized the thin plate model of continental lithosphere and linear systems theory incorporating erosion as a feedback signal. The starting point of the model is a topographic relief formed in the geological past by an unspecified mechanism. It is assumed that, by being the result of a major orogeny, it is essentially in local isostatic equilibrium at this time. The subsequent cooling and strengthening of the underlying lithosphere and crust results in a regional isostatic response to the erosional unloading. We emphasize that this model is concerned only with the post-orogenic phase of a mountain's history. It is not, for example, applicable to the Southern Alps of New Zealand which are being rapidly uplifted by plate tectonic forces (e.g. Walcott 1979 ) while at the same time undergoing massive erosion such that they are maintaining a roughly constant height (Adams 1980) . The model is applicable to southeastern Australia, a region which underwent mountain-building orogenesis through Palaeozoic and Early Mesozoic time. The present-day highlands there are commonly ascribed to epeiro-
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Erosion-isostatic rebound models 33 genic processes which took place as recently as Late Pliocene-Pleistocene time (e.g. Brown, Campbell & Crook 1968; Browne 1969 ) or in Tertiary time (e.g. Wellman 1979 . In this paper we apply our quantitative rebound model to determine how much of the inferred Tertiary uplift of south-eastern Australia may be related to a post-orogenic isostatic readjustment to erosional unloading of the highlands. We do this in two ways: first, by modelling the uplift recognized at the surface by preserved palaeoriver-beds and implied by the measured gravity field; and, second, by presenting a series of model predictions of uplift and uplift rates, erosion and erosion rates, palaeotopography, and erosionally generated stresses for the south-eastern Australian region.
Erosional rebound model
The lithosphere is modelled as a thin viscoelastic Maxwell plate overlying an incompressible fluid substratum (see also Beaumont 1978; Lambeck & Nakiboglu 1981) , expressed in the Fourier domain with the initial topographic load Ho(k) and resulting flexural deformations W(k, t ) written as functions of wavenumber [k = k,i + k,,j], Topography is assumed to erode at a rate that is proportional to its height H(k, t ) at any time with an erosion time constant 7, (e.g. Scheidegger 1970; Sleep 1971) . This assumption is intended only to describe an 'effective' erosional process averaged, or convolved, over scores of kilometres and millions of years and ignores local variations in erosion rate related to lithology, vegetation, and climate variations.
The model equations have been derived by Stephenson (1 984 model 2) and are where E ( k , t ) is erosion and y1 and y2 are determined by the topographic and mantle densities po and pm; the erosion constant 7,, and the thin plate rheological parameters (the viscous relaxation time constant 7,, and the elastic flexural rigidity 0). For the Maxwell plate 7, = q / p where Tis the Newtonian viscosity and p the rigidity. Also D = ET3,/12(1 -v2) where v is Poisson's ratio, E is Young's modulus, and TL is the plate thickness. In the context of a compositionally and structurally heterogeneous lithosphere that is cooling and thickening through time, these parameters should be considered as effective depth-and time-integrated quantities. All the model functions remain spatially in phase throughout time and their time-derivatives can be found directly by simple differentiation. Purely elastic plate behaviour and local isostasy models are special cases of the viscoelastic model with 7, +mand D 5 1019Nm (for wavelengths greater than -80 km) respectively.
The elastic bending strains at a point (r, z) [r = x i + y j ] in a flexed thin elastic plate are (Nadai 1963) Edrx(r, z ) = za2w(r)/ax2 E,,,,(r, z) = zaZw(r)/ay2 c,,,(r, Z) = 2za2w (r)/axay f , , ,
where the deformation w at r in a thin plate is assumed to be independent of z and z = 0 is taken to be the 'neutral' mid-plane of the plate.
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The elastic flexural stresses follow from Hooke's law and
The Fourier transforms of equations (4), subject to the normal boundary conditions at r + w , provide spectra of the components of the stress tensor in terms of the spectrum of the deformation, or axx(k,z)=Az ([2nkXl2 t v[2nkyI2}W(k) where
correspondence principle to equations (5) and the resulting Laplace domain spectra are
The harmonic stress elements for a Maxwell viscoelastic plate are found by applying the
The mverse of these expressions provides flexural stresses as functions of time for the harmonic loads @ (k, s) as given by Stephenson (1984, equation (25) , p. 399). That is,
There is no significant vertical [z] normal or shear stress tensorial elements induced by plate flexure but the load does introduce such stresses. Following Lambeck & Nakiboglu (1980) , a geometric relationship has been adopted that is based on the balance between the plate's topographic load at any time, P, (k, t) = -pogH(k, t), and the buoyancy force associated with its compensating root at the base of the plate P2(k,t)=Apg[W(k,t)-pol ApHo(k)] where Ap = pm -po. That is For local isostasy [P, = P2], uzz = PI = P2 throughout the plate and horizontal flexural stresses vanish; in the limit t +w, all non-hydrostatic stresses vanish for the viscoelastic plate.
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The free-air gravity anomaly associated with the isostatic response of the thin plate unloaded by eroding topography is given by and is based on an approximate expression for the gravity anomaly resulting from harmonic density perturbations within the crust (e.g. Parker 1973 ). This equation assumes an initial, locally compensating deformation Wo(k) = -po/ApHo (k). r is the gravitational constant and z, is the depth to the assumed single density interface in the plate, in this case the MohoroviZiC discontinuity. W(k,t) and H(k, t ) are given by (1) and (2). Note that for a viscoelastic plate G vznishes in the limit t + 00, conforming with the predicted state of hydrostatic equilibrium. If, however, the plate behaves purely elastically, without stress relaxation, then the finite erosional rebound is smaller in magnitude than that of the initial, locally compensating deformation, leaving a remnant gravity anomaly at an infinitely long time. This is because isostatic response to erosion is effected on a larger scale, by a thicker and stronger plate, than was that of the initial topography. Thus, for the purely elastic case, the plate's inability to flow viscously means that hydrostatic equilibrium is never achieved (cJ: equations (6), (7 jj.
Model parameters
In applying the above model to the highlands of south-eastern Australia several parameters have to be specified. We adopt values of the rheological model parameters, D = 1023N m and T, = 25 Myr, that are consistent with those found from independent flexural studies of continental lithosphere (e.g. Sleep & Snell 1976; Beaumont 198 1 ; Lambeck 1983 ; Stephenson 1984) , although the implications of other possibly viable choices, particularly those of a purely elastic plate and of local isostasy are noted in the following discussion. Upper crustal and mantle densities po and pm are assumed to be 2700 and 3300 kgm-3 respectively. The erosion time constant T, is defined as the time required for topography to be eroded to l / e of its original height in the absence of isostatic rejuvenation. England & Richardson (1980) considered the denudation of young orogenic belts in the light of palaeobarometric observations and crustal thicknesses beneath mountain ranges and concluded that orogens erode with a time constant in the range 50-200Myr (see also Gilluly 1964) . Stephenson (1984) argued that 7, exceeds 100 Myr, based partly on the recognition that the present topography of other highlands regions, for example the Appalachians, is mainly a consequence of erosion and not of geologically recent tectonism (Hack 1979; Rodgers 1982) . Stephenson (1 984) found that T~ = 275-375 Myr for the very long post-tectonic erosion of North American geological provinces but suggested that smaller values may be more appropriate when considering the first few hundred million years of post-tectonic erosion such as in the case of south-eastern Australia.
Tectonic history and uplift of south-eastem Australia
The regional tectonic framework of south-eastern Australia is illustrated in Fig. 1 . The Palaeozoic-Early Mesozoic Lachlan Fold Belt is part of the eastern -4ustralian Tasman Orogen and is characterized by intense deformation and metamorphism, arches, troughs, volcanic arcs and plutonic intrusions. By Late Carboniferous time the folding of the fold belt was largely completed although deformation within the adjacent New England Fold Belt continued into the Triassic period. At the end of orogenesis an impressive topography presumably existed over much of the region but the details by which this topography formed 36 R. Stephenson need not be explored here other than t o emphasize that all the ingredients for significant vertical motion are present: phases of compressive tectonics, massive volcanism and major igneous intrusions. The magnitude of this early topography is impossible to assess realistically. In a general way, a relation between elevation and degree of deformation or between elevation and intensity of volcanism may be anticipated, as may a relation between the elevation and the duration of the orogeny: the more intense the orogeny and the longer its duration, the more substantial will be the topography. Thus those parts of the fold belt that are only mildly deformed may also be associated with a mild initial topography.
The present topography of south-eastern Australia ( Fig. 2) is not, by global standards, particularly substantial. The highest point, Mt Kosciusko, is at 2228 m elevation but much of the terrain is at about l 0 0 0 m elevation or less. The highlands rise eastwards from the western plains to form a gentle arch of undulating country and broad plains along the line of maximum elevation. With a width of some 300 km, the highlands follow much of the eastern coastline of Australia. To the east, the topography drops quickly to sea-level through steep escarpments. The highlands run the full length of eastern New South Wales with the southeastern part being separated from the northern tablelands by a low pass, west of Newcastle (Fig. 2) . To the south, the highlands swing westward into Victoria and to the north, they continue into Queensland where a number of low elevation gaps break the continuity of the range.
A traditional view, based mainly on geomorphological evidence, holds that the uplift took place as recently as Late Pliocene-Pleistocene time. This viewpoint has been expressed recently by Browne (1969) and is repeated in most standard works of Australian geology 
example, regarded the southern highlands as having been relatively high, about 1500 m or more in early Tertiary time. Another dissenting view by Opik (1958) is that the presenttopography is a relic of the Palaeozoic past with only minor modifications. More recently Young (1 974, 1977, 198 1, 1983) has argued that there has been little landscape evolution in many parts of the highlands since early Tertiary time.
The work by McDougall and his colleagues on the geochronology of the Tertiary volcanics of eastern Australia has led to the association of volcanic activity with uplift and to the viewpoint that much of the eastern highland uplift took place in Cainozoic time (Wellman & McDougall 1974; McDougall & Wellman 1976; Ollier 1978) . This association, for example, led Ferguson, Arculus & Joyce (1979) to assume Cainozoic uplift while Smith (1982) adopted the argument that most of the uplift is post-Oligocene. Jones & Veevers (1982) have argued for an initiation of the uplift at about 50 Ma. Others have associated the uplift with 38 R. Stephenson and K. Lambeck the opening of the Tasman Sea and Ollier (1 982), for example, considers that the escarpment along the eastern margin of the highlands formed at this time.
Direct evidence for Cainozoic uplift comes tiom the cutting down of river beds through the Tertiary volcanics of eastern Australia. Wellman (1979) has investigated this in some detail and has compared pre-and post-volcanic river bed positions to obtain estimates of uplift. He assumed that river beds adjust themselves rapidly to reach gradients that are in equilibrium with the base level beyond the highlands, an assumption that is disputed by some geomorphologists (e.g. . Nevertheless, we assume that this interpretation is reasonable enough. Wellman concludes that: (1) typically up to 1500 m of uplift occurred since early Cainozoic or late Mesozoic time, ( 2 ) the pre-uplift surface comprised a generally mild topography, and (3) the uplift since initiation has been a fairly continuous process. Wellman's estimate of the age of initiation of the uplift is uncertain and rests on the above-mentioned assumption and on the assumption that erosion of the uppermost regions of the highlands is minimal. Both assumptions make his estimate a lower bound and the actual age could well be early Mesozoic. Wellman's second conclusion follows directly from the implicit assumption that the uplift is of a dynamic origin and that erosion is predominantly by river downcutting and valley formation with the intervening ground remaining essentially unchanged. Fig. 3 (a) summarizes Wellman's (1979) results. Observations of the cutting down of river beds, however, is not necessarily evidence for mountain building and the same result occurs when existing mountains erode; as the load is reduced, rebound takes place and a surface originally at sea-level moves upwards while the total elevation of the mountain is reduced.
Application of erosion-isostatic model to southeastern Australia
We assume for reasons further elaborated in Lambeck & Stephenson (1985) that the geologically and geomorphologically inferred Cainozoic uplift of south-eastern Australia is a result of erosional rebound with or without a supplementary Tertiary epeirogenic component. In order to judge the relative contributions of these two mechanisms, we adopt the assumption that all uplift is due to the former, the post-orogenic destructive phase of PalaeozoicEarly Mesozoic mountains. This allows us to apply the erosion-isostatic model and then to discuss the results in light of these assumptions.
The most straightforward and mathematically convenient way of modelling the uplift and gravity data is by calculating admittances or transfer functions. The observed (denoted by circumflex) present-day topographic heights of Fig. 2, (r, rp) , Wellman' s uplift map w(r, rP) and gravity g(r, tP) are Fourier transformed to provide two-dimensional spectra H(k, rp). k(k, t P ) and G(k, rP) respectively. The original height h(r, t P ) and free-air gravity anomaly go, t P ) data consist of 0.1' area means from which arrays ot 40 x 40 km area means have been estimated (Figs 2 and 4) and Wellman's uplift map has been digitized by visual averaging over 40 x 40 km cells to provide an 800 km square 20 x 20 array of points similar to Fig. 3(a) . All three functions have been set to zero in oftshore regions in order to elucidate solely the isostatic properties of the south-eastern highlands, avoiding the extraneous isostatic characteristics of the continental margin and Tasman Sea. Because of the finite dimensions of the area, the gridded data were tapered around their edges so as to reduce noise (e.g. Tukey 1967 ). Fourier transforms were obtained using a Fast Fourier Transform routine. The highest, or Nyquist, wavenumber in the computed Fourier spectrum depends on the digitization interval and is 1/80 km-'. The spectral resolution relates to the data length and is 1/800 km-'.
The calculated admittances Fig. 5 . The angle brackets ( ) indicate that the observed raw spectra have been smoothed by averaging within finite wavenumber bands, or annuli, symmetric about the origin in the two-dimensional wavenumber domain; a statistically advantageous procedure in the presence of random noise (Munk & Cartwright 1966) . That Z and 0 are taken to be real functions of wavenumber modulus k = 1 k I only is implicit if it is assumed that the lithosphere is directionally isotropic in its response to a point load. (2) (9) Z(0, t ) is the average uplift in the study area normalized by the average height and is solely dependent on the period of erosion rand the erosion time constant 7,. From Wellman's data, equation (9) gives 1.05 5 t/re =< 1.35. Wellman concluded that the duration of his measured uplift was about 90 Ma and it follows from (9) that 7, is as small as 75 Ma. But, for reasons given earlier, 90Ma probably represents a minimum estimate of rebound duration. If we consider that the uplift relates to the total period of post-orogenic erosion, or about tp = 180 Ma, then 7, = 150Ma. Both these values are within the ranges that we have previously suggested as being appropriate for the erosion-isostasy model in south-eastern Australia and we adopt them, in addition to the specitied model densities and rheological parameters, to define a model referred to as VE1. The choice re = 150 Ma may represent a minimum and the total uplift predicted by this model would be an upper limit. A minimal uplift model, VE2, is also considered. In this model f p = 200Ma and ~, = 2 5 0 M a . The immediate effect of the reduction in the t p / r , ratio is that the model predicts less overall uplift at tp and decreased uplift rates.
Model 2 functions for tp/re = 1.2 (VE1) and 0.8 (VE2) are included in Fig. 5(a) . Once this ratio establishes the k = 0 intercept (equation (9)), the remainder of the theoretical curve is quite insensitive to variations in the absolute values of r and T,. Hence the degree of attenuation of Z with increasing k develops essentially in response to the flexural strength of the lithosphere. Models VE1 and VE2 are shown with solid lines. For a local isostatic compensation model (dashed lines L1 and L2), Z is independent of k while for a flexurally strong plate it is highly attenuated (7, +-00, D = 5 x 1023Nm; dashed lines E l , E2). It is remarkable, but presumably fortuitous given the assumptions inherent in both our and Wellman's analyses, that the model VE1 best fits, among all possible models, the calculated Z admittances as measured by one-norm misfits (defined as the summation of data residuals normalized by standard errorsj. It should be noted that the viscoelastic model Z curves are quite insensitive to changes in D and T,, provided that their product is preserved; this degree of freedom extends to include elastic plate models (7, +-00) with low values of flexural rigidity (D 5 loz1 N m in this case).
The theoretical free-air isostatic response function Q (k, t ) is determined by normalizing gravity G(k, t ) in equation (8) by the heights H(k, t ) given by equation (2). For local isostasy, D = 0 and the admittance Q reduces to the time and erosion independent form R. Stephenson and (10)) although the preferred model curves (VE1, VE2) predict the over-compensation of topography in the 100-150 km range of wavelengths that is suggested by the 106 and 133 km Q estimates, albeit not significantly so with respect to the standard errors. This over-compensation is the result of a lag developing between the time of erosion and the induced lithospheric uplift. As noted earlier this offset is never made up for elastic models as is illustrated by the theoretical isostatic responses Q of a moderately thick, strong elastic plate (D = 5 x lOZ3Nm) with erosion (dashed lines El and E2 in Fig. 5b ).
Model predictions
Models VE1 and VE2 provide uplift and gravity anomaly transfer functions that are in general agreement with the available observations for south-eastern Australia. These models can be used to calculate Ho(k) from the transpose of equation (1) and it follows that model predictor filters can be evaluated which, when convolved with the observed present-day heights, provide spatial maps of heights, uplift, cumulative erosion, derivatives of these functions, stresses, and gravity anomalies for any given time t > 0. Examples of these maps are presented in this section. In evaluating these functions a 24 x 24 grid has been used, one that is slightly finer than that used in the transfer function computations. This provides a marginally better model resolution but it should be noted that as greater resolution is sought, the model becomes unstable because of the inherent linearities assumed in the erosion model and because the estimates of the wavenumber domain solution become unreliable. Because of the filtering of the input data to reduce noise in the finite Fourier transforms, the space domain model predictions are truncated in size (to an 18 x 18 grid) in comparison to the input. The predicted uplift of south-eastern Australia since t = 0 is shown in Fig. 3(b) , a result that can be compared directly with Wellman's (1979) observations (Fig. 3a) . The predicted map w (r, tp) is the result of the convolution of observed heights with the predictive filter or transfer function Z labelled VE1 in Fig. 5(a) . The agreement is satisfactory and the minor differences can be attributed to random incoherent (with respect to topography) 'noise' in Figure 6 . Contour maps of (a) predicted topography at t = 0 and (b) tne absolute change in topography, given by the presentday heights (Fig. 2) less (a) the observations. The agreement can be marginally improved by changing some of the parameters, for example by reducing the viscosity, but the nature of the data and the model do not warrant this. Fig. 6(a) shows the predicted topography of south-eastern Australia at t = 0 using the model VE1. Because spatial phase shifts through time are not allowed by the model, the highlands are similar in form to those of the present day. But some wavelengths of topography respond to erosion more quickly than others and this results in some temporal change of the topographic pattern. A f x t h e r limitation of the model is that it cannot reliably predict past topography for regions where the present elevations are small. The greatest cell-averaged height at r = 0 is calculated to be 2701 m, compared with the presentday averaged height of h = 1530 m. For the minimal uplift model VE2 the pattern of initial heights is similar to that of VE1 in Fig. 3(a) but amplitudes are reduced, with the greatest height being -2170m. Likewise the other functions for the VE2 model have similar patterns but smaller amplitudes than those for VE1. The sea-level datum chosen to contour functions in Fig. 6(a) and subsequent diagrams is somewhat arbitrary within a range of 100-200m because of small model artefacts, related to assigning zero heights to offshore regions in the input data, and because of the neglect of sea-level changes.
The topographic depressions predicted by the model for t = 0 onshore of the present coastline, including the Gippsland Basin region and the excursion into the Sydney Basin (Fig. l) , as well as less apparent depressions immediately westward of the palaeohighlands, are consequences of the regionality of the isostatic model. That is, as the highlands erode, the model predicts a more regional isostatic rebound (Fig. 3b) which lifts up the peripheral depressions to their present-day heights. T h s is illustrated in Fig. 6 (b) which shows the difference between present-day heights and the predicted t = 0 palaeoheights. Positive regions are areas that are loci of net absolute rise of regional topography since t = 0 and include the south-central Sydney Basin, a coastal zone, a strip approximately along the present course of the Murray River, and an area near Cooma. The topographic depression in the upper Murray River valley, immediately west of the area of highest mean elevation in Fig. 6(a) and corresponding with the marked height change in Fig. 6(b) , is accentuated in the model by the great topographic gradient in this region between the river valley and the nearby hghlands. High-frequency features such as this will be most sensitive to exaggeration by the model's linear approximations.
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Predicted values of the cumulative erosion e (r, t ) are illustrated in Fig. 7 for two epochs, t = tp/2 and t = t p . Sea-level fluctuations have not been taken into consideration so that areas of relatively little erosion, say e (r, t ) > -200 m, are also potential regions of at least partial sediment deposition in a water environment. Cumulative erosion and uplift along the cross-section located in Fig. 7 are summarized in Fig. 8 for several epochs. The regionalizing effect of the lithosphere's flexural strength is evident in the relatively simple pattern of the uplift compared with the higher-frequency content in the forcing load of erosion. The dashed line at -200 m is an approximate lower bound on the sea-level datum in the model. As previously noted, sediment deposition is predicted for the upper Murray River depression during the early evolution of the model [t < t p / 2 ] . Similarly, any sediments which 'may initially accumulate in the immediate western periphery of the highlands would subse-quently be uplifted and presumably eroded away. In contrast, 'sedimentation' along the coastal margin accumulates through time, uninterrupted by significant uplift, although we have made no attempt to model explicitly the Cainozoic development of the sedimentary basins of the continental margin and the Murray Basin. The total volume of eroded material derived from the map area is (= 140000 or 90 100) ? 30 OOOkm3 for VE1 or VE2 respectively, not inconsistent with the estimated sedimentary volume of the peripheral post-tectonic sedimentary basins.
Predicted rates of uplift w(r, t ) at t = 0 and t = t p are illustrated in Fig. 9 . The result for the latter time has the appearance of a slightly constricted version of the former, a consequence of stress relaxation in the lithosphere occurring through time at diminishing wavelengths and resulting in progressively less regional and more local isostatic compensation. Fig. 9 masks the prediction that the maximum uplift rate in the central highlands, about 7 mMyr-', occurs at about t = tp/4 (cJ: Fig. lo) . ln the south-western Victorian extension of hghlands the uplift rate increases marginally through time, from 5.1 mMyr-' at t = 0 to 5.8 mMyr-' at present. Uplift and erosion predicted by models VE1 and VE2 during 20Myr epoch intervals are plotted in Fig. 10 for the localities indicated in Fig. 9(a) . It appears that w(r, t ) does not vary greatly as a function of time, an attribute that is consistent with Wellman's (1979) observations although the predicted rates are less by up to a factor of about 4. This discrepancy is resolvable in terms of the choice of t p in both this and Wellman's study, and, in the present study, by the choice of erosion time constant 7,. Fig. 10 shows that for the given localities erosion is generally greater than uplift at all times, as would be expected for normal isostatic response to unloading. The ratio erosion/ uplift is greatest near the highland peaks where rapid erosion is localized but the uplift response is much more regional. The ratio is near unity west of Cooma in the Monaro region (Fig. lOc) , where uplift is induced by erosion from both the eastern and western adjacent uplands and is also subject to a relatively depressed rate of erosion for the same reason. In the topographic depression of the central Sydney Basin (Fig. 100 , the ratio has changed sign in response to the highland erosion to the west and south-west. The response predicted by the erosion isostasy model can be decomposed into harmonic components of flexural deformation of the lithosphere, each associated with flexural stresses (equations 6). The rebound increases progressively though finitely through time, but the flexural stresses do not because, in the viscoelastic models, the elastic flexural stresses are relaxed by viscous flow. Fig. 11 shows the variation through time of flexural stresses for models VE1 and VE2 induced by the erosion. An approximation of the form of the highlands of south-eastern Australia has been used in this calculation in which the topography is represented by a linear 250 km width load of initial amplitude 1.5 km. All other parameters have remained the same. The maximum flexural stresses attained for model VE1 are of the order of l00MPa (1 kbar) and occur at approximately the present (Fig. 11) . For model VE2 the stresses reach their maximum at a somewhat later time, are smaller in amplitude and decay more slowly than for model VEl, consequences of the greater erosion time constant.
The predicted near-surface horizontal principal stresses resulting from erosional rebound at t = t p are presented in Fig. 12 . The depth-dependence of these stresses is such that they vanish midway through the thin plate and increase with opposite sign in the plate's lower half (cJ: equations (6)). The essential feature of the predicted horizontal principal stresses in the upper half of the lithosphere is the tensional regime related to erosional unloading of the highlands (cJ: the 750 m height contour) and the flanking compressional stresses due to the peripheral downwarp of the unloading lithosphere. In general, the greatest tensional and compressional axes are oriented perpendicular to the trend of the highlands, although there is considerable local variation. The greatest tensional and compressional stresses are 108 and 59 MPa (65 and 34 MPa for VE2), both occurring near the south-western corner of the study area.
Given an estimate of the vertical stress from the mass of the overlying topographic load and its isostatic compensation (i.e. uzz in equation ( 7 ) ) , the relative magnitudes of the three principal stresses (i.e. the principal deviatoric stresses) can be used to infer expected modes of faulting. The hachured and non-hachured regions in Fig. 12 are those that can be expected to be prone to normal faulting and reverse faulting respectively while between the two regions the intermediate stress is vertical and any failure there would be of a strike-slip configuration.
Resolution of the erosion-isostasy model
Because heights have been averaged into 0.3" x 0.3" or = 1000 km2 cells, it is clear that the model cannot resolve local perturbations on length scales smaller than about 65 km.
Probably the most significant of these local perturbations relate to the erosion process. If erosion i s predominantly by the widening or deepening of existing river valleys, then the erosion will not be uniform over the 1000 km2 areas. Local lithological variations, and possibly differences in vegetation, also affect erosion rates within the cells but, whatever the local erosional process or structural control, there will be a net wastage within the cell, and the concomitant erosional rebound will be more regional and more nearly uniform within the cell. Field observations within a 1000 km2 region could include, therefore, areas of massive erosion (Fig. 13) , areas that are subject to a net absolute uplift and areas of old non-eroded surfaces.
As a result of the assumption of structural homogeneity through time and space, the various predictions of palaeoheights,uplift,and erosion are continuous functions. Stress relaxation in the model is assumed to be by viscous creep; yet south-eastern Australia is characterized by diffuse, fairly randomly distributed, low-level seismicity concentrated mainly in the upper crust (Denham, Weekes & Krayshek 1981; Lambeck et al. 1985) . The stress relaxation by dotted lines. Key: W = uplift, E = erosion, dH = change in topographic height. The case of uplift followed by erosion is illustrated by (a). Tectonic uplift is partially destroyed by contemporaneous erosion but there is a regional increase in topographic relief of ( W-E). The case of uplift driven by erosion and regional rebound is illustrated by (b). In the upper figure massive post-tectonic erosion of the original topographic surface (the dashed line) is confined mainly to the river-beds. This results in a reduction in the average topographic height and in a corresponding regional erosional rebound. There will be an amplification of local relief, potentially with an absolute net uplift of interdrainage uplands. The upper diagram implies a reduction in river gradient through time (i.e. river incision) whereas in the lower diagram in which erosion is mainly by scarp retreat, river incision is much reduced.
represented by the observed brittle failure may, on long time and large wavelength scales, be viewed as an analogue of the viscous relaxation introduced into the model. The continuous model functions, therefore, represent a smoothed approximation of what are actually discontinuous functions in space and time.
Discussion
The quantitative analysis of topography and erosion in south-eastern Australia shows that erosion followed by isostatic rebound can account for the degree and distribution of postorogenic uplift as determined geomorphologically by Wellman (1 979) as well as being consistent with the region's present-day gravity field. Furthermore, the consequences and predictions of our model, as portrayed in Figs 6-12, are conformable with a number of other recent geological and geomorphological observations: (1 ) landscape evolution since Mesozoic time has generally been slow (Young 1983) ; ( 2 ) uplift rates are roughly constant throughout the Cainozoic; (3) in one river valley north-west of Canberra where the model predicts a present-day uplift rate of 3-4 mMy;", report basalts whose positions could be interpreted to suggest an average uplift rate of 4 m Myr-' during the last 20Myr; (4) Taylor et al. (1985) have suggested that only minimal changes in topography and drainage patterns have occurred during the Cainozoic in the Monaro region west of Cooma, consistent with the model prediction that net topographic relief in this area has been roughly constant during the same period (Fig. 6b) .
These considerations do not support the concept of a widespread Mesozoic or early Tertiary peneplain that was subsequently uplifted by an epeirogenic rather than orogenic mechanism. In particular, these observations of only a very slowly changing landscape confirm the choice of an erosion time constant of the order of 102Myr, a choice that effectively disallows the formation of a post-orogenic peneplain by Mesozoic or even Cainozoic time in readiness for a phase of renewed dynamic uplift. There is no need to invoke a Tertiary epeirogenic uplift process to explain the present highlands and observations of vertical movements.
Other arguments also rule against a recent dynamic uplift of the region. For example, the stratigraphic histories of the basins flanking the highlands point to the Lachlan Fold Belt having been a source for sediments since Mesozoic time. The Gippsland and Otway Basins (see Fig. l ), for example, appear to have been fed largely from the north since early Cretaceous time (Threlfall, Brown & Griffith 1976) . Several observations also point to little vertical movement having occurred along the eastern margin in Cainozoic time, Basalts which erupted at sea-level along the coast 30Ma are still at sea-level today (Young & McDougall 1982) , and Early Miocene marine sediments in the Sydney Basin are also near sea-level today (Partridge, Benson & Bell 1979) . These and other arguments are discussed further in Lambeck & Stephenson (1985) .
The erosion rebound model predicts a gradual shrinking of the post-Lachlan Fold Belt highlands. As the flanks are eroded away, the residual area becomes a potential centre for deposition in a continental or shallow marine environment, depending on the sea-level rhythms. With time, the margin of the emerging basin would migrate towards the core of the highlands were it not that some peripheral uplift also occurs due to the regional character of the rebound. Part of the previously deposited sediments may therefore be eroded away and quite complex stratigraphic sequences may develop along the basin margin, depending in part on sea-level fluctuations and on the characteristics of the spectrum of the original topography. Clearly the uplift of the sediment source region can be an important element in shaping the margins of sedimentary basins.
The state of stress of the south-eastern Australian crust predicted by the model has some interesting implications to geological and geophysical observations. The maximum stress differences associated with the erosional rebound are predicted to occur some 100-200 Myr after tectonic stabilization. Depending on the average yield criterion for the crust, local tensional tectonic features could have developed throughout Cainozoic time and this may offer an explanation for the Cainozoic volcanism and normal faulting seen throughout the highland region. Local faulting of the crust will perturb the predictions on scales of tens of kilometres but, in a general way, the local movements should be compatible with the stress states predicted by the model. The stress magnitudes are dependent on the model assumptions and may not be very precise, but the general stress pattern is likely to be significant. Despite this caution on magnitudes, the stress differences obtained are larger than those normally thought to be permissible in a viscoelastic lithosphere when the viscosity adopted (to correspond to the relaxation time constant of 25 Myr) is as low as -102'Pa s. Kunze (1982) , for example, determined that the maximum stresses induced by the post-tectonic erosional rebound of the Appalachian Mountains would be -20 MPa for a similar viscosity compared with a maximum of about l00MPa in the present model. The reasons for this difference are threefold. (1) Erosional stresses are frequently assumed to arise solely from the reduction of the overburden pressure, with concomitant effects on horizontal stresses related to the crust's elastic compressibility (e.g. Haxby & Turcotte 1976; Turcotte & Schubert 1982) . Implicit in this assumption is that the rebound is local rather than regional. Flexural stresses are neglected, yet they may be an order of magnitude larger than the stresses associated with the state of local isostasy (e.g. Lambeck & Nakiboglu 1980) . (2) It has sometimes been assumed that the erosion and elastic rebound occur instantaneously with the ensuing evolution of the stress state being one of relaxation only. But when the erosion occurs with a time constant of the order of hundreds of millions of years, unrelaxed, erosional stresses are being applied, at a reducing rate, continuously throughout the posttectonic period. (3) It is important to include explicitly the wavelength dependence of viscoelastic relaxation, an aspect neglected by Kunze (1982) . The total erosional stress field at a H. Stephenson and K. Lambeck Erosion-isostatic rebound models 53 given time (e.g. Fig. 12) is the sum of a spectrum of flexural stresses with progressively less relaxation with decreasing wavelength, although the relative contribution to the total stress also decreases with decreasing wavelength.
The predicted principal stresses vary considerably in sign and orientation over distances of several tens of kilometres. Markedly dissimilar principal stress orientations inferred from fault plane solutions of nearby earthquakes or from in situ stress measurements can, therefore, be expected. It is quite clear that, when local perturbing factors are also considered, the erosional stresses may be an important factor in the regional seismicity of eastern Australia.
In a study of North America, Stephenson (1983) suggested that there may be a correlation between the distribution of earthquakes with magnitude greater than 4 and maximum deviatoric erosional stresses but such a relation is not evident for the south-eastern Australian region. Furthermore, there is little evidence for a large tensional near-surface stress regime in the highlands as predicted by the model (Fig. 12) and this may be a consequence of a continental scale regional compressional stress field (Denham et al. 1981) superimposed upon the more local field predicted here (Lambeck et al. 1984) . A further complication arises from the stresses associated with the continental margin topography and the peripheral sedimentary basins (McQueen 1985) .
Conclusions
The erosion-isostatic rebound model developed here represents an important factor in the post-orogenic phase of mountain evolution. It is important to recognize that the analytical model cannot explain all geological details and that it can only provide a broad framework for discussing the geological evidence. For example, actual erosion rates will vary regionally and temporally and will not locally obey the simple model that we have adopted. Stress relaxation by seismic activity may also result in localized observations that are not in keeping with the predictions of the regional model. Despite these limitations, the model explains in a quite satisfactory manner the evidence for the Mesozoic-Cainozoic vertical movements of eastern Australia; evidence that has been traditionally interpreted in terms of dynamic or active uplift mechanisms.
Geographically, the interest of the model extends beyond eastern Australia. We think that it may be relevant to other mountain ranges such as the Appalachians and Ozarks of North America, or the Eurasian Urals. Geophysically, the model is of relevance beyond the simple question of uplift. It may contribute to the understanding of seismicity and postorogenic-phase volcanic activity in the highlands and may also provide an important link in understanding the peripheral sedimentary basins, as a passive equivalent to dynamic basin models.
